An innovative water-cooled reactor concept named Reduced-Moderation Water Reactor (RMWR) is under development by JAERI in cooperation with utilities and vendors for the effective fuel utilization through plutonium (Pu) multiple recycling. The reactor aims at achievement of a high conversion ratio more than 1.0 with MOX fuel, based on the well-experienced water-cooled reactor technology. Such a high conversion ratio can be attained by reducing the moderation of neutrons, i.e. reducing the water fraction in the core.
I. Introduction
An innovative water-cooled reactor concept named Reduced-Moderation Water Reactor (RMWR) is under development at JAERI in cooperation with Japanese utilities and Japanese light water reactor (LWR) vendors for the effective fuel utilization through plutonium (Pu) multiple recycling. The reactor aims at achievement of a high conversion ratio more than 1.0 with the mixed oxide (MOX) fuel, based on the well-experienced water-cooled reactor technology. Such a high conversion ratio can be attained by reducing the moderation of neutrons, i.e. reducing the water fraction in the core. The reduced neutron moderation with the water results in a similar neutron spectrum to that in a sodium-cooled fast breeder reactor (FBR) even in a water-cooled reactor core, and it is much harder than in LWRs as shown in Fig. 1 .
The high conversion ratio is favorable to maintain Pu quality and makes it possible to recycle Pu many times, i.e. Pu multiple recycling. This is a good method for deployment of Pu and also contributes to reduction of the long-term spent fuel accumulation.
Another important design target for RMWR is to achieve the negative void reactivity coefficient. This is one of the important characteristics of the currently operated LWRs, especially from the safety point of view. However, the negative void reactivity coefficient and the high conversion ratio are in the trade-off relation in the reactor design, and this gives a difficulty to be overcome in the design of RMWR.
Fig. 1 Comparison of spectra among RMWR, LWR and FBR
Up to the present, we have proposed several types of design concepts 1), 2) satisfying both the main design targets under both the BWR-type concept and the PWR-type one. The common design characteristics are the tight-lattice fuel rod configuration and the short core. The former is to attain the high conversion ratio and the latter is for the negative void reactivity coefficient. Additionally, the axial, i.e. upper, lower or internal, or the radial blankets made of the depleted UO 2 (DU) are also introduced by necessity for both purposes mentioned above.
For the RMWR utilization, multiple recycling of Pu is the essential basis under the MOX spent fuel reprocessing cycle. On this point, the fuel cycle with some advanced and economical reprocessing schemes should be taken into account. The typical reprocessing schemes proposed for FBRs might be adopted also for RMWR. The advanced reprocessing schemes currently proposed for the FBR fuel cycle are, however, in general with the lower decontamination factors (DFs) than the current PUREX process and intentionally allow some amount of fission products (FPs) and minor actinides (MAs) to remain in the MOX fuel. Since they are expected to give negative effects on the core performances and the conversion ratio of the RMWR is just more than 1.0, it is necessary to investigate the core performances of RMWR under the multiple recycling situation with such the advanced fuel reprocessing schemes in relatively low DFs. Some results on this issue will be presented in the following as well as the results from recycling under another economical reprocessing scheme with high DFs proposed by JAERI.
Furthermore, other detailed investigations such as control rod operation planning and improvement of core performances have been also performed on the core design. The other related studies such as on the thermal hydraulics in the tight-lattice core are essential and have been performed including the experimental activities.
II. Conceptual Design of RMWR Core 1. General Aspects in RMWR Core Design
The main design goals for the RMWR core are the following two points as already mentioned above;
(1) High conversion ratio more than 1.0 (2) Negative void reactivity coefficient The former is indispensable for the long-term energy supply with uranium resources under the multiple recycling of Pu. The latter is common safety characteristic in the current LWRs and is considered to be also required for RMWRs, because RMWRs exist on the extension of the experienced LWRs technology following the same safety philosophy.
In order to achieve the high conversion ratio, the volume of the moderator, i.e. water, should be reduced. For this purpose, the tight-lattice fuel rod arrangement is commonly adopted. The triangular lattice with a narrow gap between the fuel rods and/or the rods with a large diameter is typical for it. Especially for the BWR-type reactor design, increase in the core void fraction is another realistic technique to be used.
To satisfy the requirement of the negative void reactivity coefficient, neutron leakage should be increased when the void is generated or increased in the core. The short core design is common technique for it. The blanket region could be adequately used to increase neutron absorption. Some streaming mechanism might be also used to promote neutron leakage effect.
The above two design goals are attained by appropriately combining the basic techniques described above and by keeping a balance among them. In our conceptual design study, some different core designs have been investigated based on the different basic ideas described above. That is, there are some design possibility in adopting and combining the above basic ideas. Up to the present, we have succeeded in proposing several types of basic design concepts 1), 2) satisfying both the main design targets for the conversion ratio and the void reactivity coefficient, under both the BWR-type concept and the PWR-type one. It has, however, been recognized that BWR-type concepts have some advantages in design to achieve higher core performances than PWR-type concepts, because the water fraction can be reduced in the former by utilizing void in the water without increasing tightness of the core. Therefore, the representative RMWR core design is based on the BWR-type concept as described more in detail in the following.
Representative RMWR Core Design
The representative 1,356 MWe class large-scale BWRtype core design is schematically shown in Fig. 2 . In order to achieve negative void reactivity coefficients, the core is designed to be short and flat to increase neutron leakage from the core. Axial blankets with depleted uranium are also introduced to increase the conversion ratio and to reduce the void reactivity coefficients. In the present design, the MOX core layer is shortened to 195 and 205mm The core average discharge burn-up including the internal blanket is 60GWd/t. The operation cycle length is 24 months.
In the neutronics calculations, the group constants of the assembly are prepared by the Monte Carlo method coupled with the burn-up calculation in 190 groups. The core calculation was performed by the three-dimensional void-power iteration method, treating each assembly separately. Fig. 3 Cross section of fuel assembly Another design for a 300 MWe class small-scale core has been also accomplished under the similar core concept 3) . high for upper and lower MOX regions, respectively. An internal blanket region of 295mm is positioned between the two MOX layers. With the upper and lower blankets, the total core region has five-layer structure with a total height of 1.105m.
III. Investigation of Core Characteristics for Pu Multiple Recycling 1. Core Performances under Reprocessing with Low DFs
As mentioned in Introduction, the core performances under the advanced fuel reprocessing schemes proposed for the FBR fuel cycle 4) have been investigated. The results of the investigation are overviewed in the following. Advanced fuel reprocessing schemes, such as the advanced PUREX processes and the dry reprocessing ones, have been proposed to give much lower DFs than in the current PUREX process with the very high DFs around 10 6 , and hence, some amount of FPs and MAs are contained even in the fresh fuel. Since they are expected to have negative effects on the core performances, such as the reactivity, the void reactivity coefficient and the conversion ratio, the effects should be evaluated considering them as the components of the fresh fuel under the Pu recycling situation. A standard evaluation of the core characteristics as presented in Table 1 has been performed for the fuel components obtained with the current PUREX reprocessing of the spent fuel from LWRs. That is, the amount of FPs and MAs in the fresh fuel is negligible in this case. This fuel composition is named the standard fuel composition in our study on RMWR.
The cross section of the fuel assembly is shown in Fig. 3 . The major dimensions and characteristics of the core are summarized in Table 1 . As shown in the figure, the pitch of the assembly is 228mm. The diameter of the fuel rods and the gap between rods are 13.7mm and 1.3mm, respectively. The average fissile Pu content in the core region including MOX and internal blanket parts is 10.4 %. The average fissile Pu content in the MOX parts is 18 %. The fuel assembly consists of five kinds of fuel rods with different Pu contents to reduce the radial power peaking factor. Y-shaped control rods with the follower structure are introduced for every three fuel assemblies. The core average void fraction is increased to 70 %. Resultantly, the effective volume ratio of the water to the fuel (Vm/Vf ) is reduced extremely to about 0.17 in the present design, trying to attain a high conversion ratio. The conversion ratio of fissile Pu is 1.05.
The void reactivity coefficient is evaluated to be negative value of -0.5x10 -4 dk/k/%void. The electric output of 1,356MWe is accomplished as in the case of ABWR. The core can be cooled by natural circulation because the core pressure drop is as low as 0.04 MPa due to the low flow velocity and short core height. Therefore, the reactor internal pumps used in the ABWR can be eliminated in the present design. The number of fuel assemblies is 900 and each assembly has 217 fuel rods. The core outer diameter is 7.6m.
At first, the effects of FPs or MAs have been investigated individually as the parameter effect study. On the effects of MAs, the evaluation conditions are determined to assume all MAs be contained in the fresh fuel and all FPs be removed from the spent fuel of a typical BWR core with the discharge burn-up of 45 GWd/t. The resultant TRU composition in the fresh fuel is listed in Table 2 in comparison with the standard fuel composition of our study. The total amount of MAs is 11 wt% of TRU. Especially in this case, the amount of 237 Np is large due to production from 235 U in the UO 2 core. Although 241 Am is included in the standard case, this comes from decay of 241 Pu. In general, the main effect of MAs and FPs in the fuel is to reduce the criticality of the core due to their neutron absorption. In addition, MAs tend to have some effect on the void reactivity coefficient to make it positive. For the present MA effect case, the amount of fissile Pu is to be increased by about 10 % to keep the criticality. Also, MAs, especially 237 Np, make the void reactivity coefficient to be positive. Therefore, we have to change the design to keep the void reactivity coefficient to be negative. In the present design, the void reactivity coefficient can be controlled mainly by the length of the upper blanket. If the upper blanket is shortened, the void reactivity coefficient becomes lower. However, it should be noted that this, in turn, makes the conversion ratio lower. For the present case, the upper blanket should be significantly shortened up to about 30 % of the standard case. The lengths of the lower and the internal blanket are simultaneously adjusted to 140 and 400 mm, respectively, to improve the core performances. As a result, the fissile Pu conversion ratio is reduced to 1.02. This result shows that the RMWR core can be feasible under the MA effect case fuel composition described above, although the effects of MAs are significant. The major dimensions and characteristics of the core are summarized in Table 3 in comparison with the standard case. In this series of investigation, another and the first core design of 1,100 MWe was used as the standard case. Although core performances are somewhat different from those in the latest 1,356 MWe design in Sec. II.2, the core concept is common. On the effects of FPs, the evaluation conditions are determined to assume a part of FPs be contained in the fresh fuel based on the concerned DFs and all MAs be removed from the spent fuel of a typical BWR core with the discharge burn-up of 45 GWd/t. Two sets of DFs are selected for the investigation, assuming an advanced PUREX reprocessing and a dry reprocessing scheme. Although the average value of DFs for the latter is much lower and about 10, the same fissile Pu conversion ratio of 1.06 has been attained under the negative void reactivity coefficient. In these cases, the fissile plutonium is also to be increased by about 10 % to keep the criticality. For more realistic investigation on the multiple recycling situation, their effects have been investigated together as the accompanied FPs and MAs under the multiple recycling with the RMWR and an advanced reprocessing in relatively low DFs. The evaluation conditions are determined to assume all MAs and a part of FPs be contained in the fresh fuel. The average DF of 10 for FPs is adopted assuming a dry reprocessing case. The equilibrium for the recycling has been obtained after about 20 times recycling calculations. The resultant TRU composition in the fresh fuel is listed in Table 4 in comparison with the standard fuel composition. The total amount of MAs is 6 wt% of TRU. In this case, the amount of 237 Np is much smaller than in the case of Table 2 due to the MOX core reprocessing. In Table 4 , some differences in Pu composition from the standard case are also observed. That is, the rate of 241 Pu is decreased and 240 Pu is increased in the multiple recycling case. For the multiple recycling case, the amounts of MAs and FPs contained in the MOX are 1.8 and 1.0 wt%, respectively. Also, the rate of 241 Pu, which has good effect on criticality, is decreased. Therefore, fissile plutonium is to be increased by about 10 to keep the criticality On the void reactivity coefficient, there are about 2wt% of MAs contained in the MOX In addition, the rate of 240 Pu, which has the unfavorable effect on the void reactivity coefficient, is increased as mentioned above. Therefore, we have to change the design to keep the void reactivity coefficient to be negative. As in the MA effect study, we can make the void reactivity coefficient lower by mainly shortening the length of the upper blanket. For the present case, the upper blanket should be significantly shortened up to about 40 of the standard case The lengths of the lower and the internal blankets are simultaneously adjusted to 150 and 400 mm, respectively, to improve the conversion ratio and the void reactivity coefficient. As a result the fissile Pu conversion ratio is reduced to 1.02. This result, however, shows that the RMWR core can be feasible under the multiple recycling fuel composition The major dimensions and characteristics of the core are summarized in Table 5 in comparison with the standard case Based on these investigation, it has been confirmed that the high conversion ratio more than 1.0 and the negative void reactivity coefficient are able to be achieved in the RMWR core by slightly adjusting the basic core design, even under the multiple recycling through the advanced fuel reprocessing schemes with the lower DFs around 10 assumed for FBR fuel cycle. Through the study, the unfavorable effect of MAs on the void reactivity coefficient has been found to be significant. Therefore, in the Pu multiple recycling fuel cycle for the RMWR, a reprocessing scheme with higher DFs for MAs is considered to be favorable. 
Core Performances under Reprocessing with high DFs
In JAERI, another reprocessing scheme is proposed for the RMWR fuel cycle based on its own reprocessing study 5) . This process, named innovative PUREX, is a kind of simplified PUREX process and is expected to be economical by eliminating the purification steps for Pu and U as shown in Fig. 4 . Although the purification steps are eliminated, a new chemical treatment is introduced prior to the U/Pu partitioning step and eliminates Np and FPs. The resultant average DF for FPs is about 10 5 comparing with about 10 7 for the PUREX and DF for Np is expected to be about 100 as in the PUREX. Another favourable point for this process is that the average DF is high enough to utilize the existing fuel fabrication process in the globe boxes. Therefore, this process is expected to be advantageous for early establishment of the fuel cycle based on the existing technologies.
For the multiple recycling case under this reprocessing process has also investigated.
The resultant TRU composition in the fresh fuel is listed in Table 6 in comparison with the standard fuel composition. The total amount of MAs is 0.2 wt% of TRU. In this case, the amount of 237 Np is much smaller than in the case of Table 4 due to the special chemical treatment in this process. In Table 6 , some differences in Pu composition from the standard case are also observed. That is, the rate of 238 Pu, 241 Pu, 242 Pu are decreased and 239 Pu, 240 Pu are increased in the multiple recycling case. This trend is also observed in Table 4 .
For this multiple recycling case, the amount of MAs and FPs contained in the MOX is negligibly small, but the rate 241 Pu, which has good effect on criticality, is decreased. Therefore, fissile plutonium is to be increased by about 5 to keep the criticality, resulting in increase of MOX length to 20.5 cm The effects on the major core performances such as the conversion ratio, the void reactivity coefficient, the burn-up are not noticeable degree.
Development of New Method for Fuel Reprocessing

IV. Other Detailed Investigation on Core Design 1. Investigation on Burn-up Increase
Since the average core burn-up is one of the important core performances from the economical point of view. Therefore, an investigation to further increase the burn-up has been performed. The target burn-up was set at 65GWd/t including the internal blanket region and simultaneously 50GWd/t including the upper and lower blanket regions for the 1,356MWe core. However, in the core design the burn-up is in the trade-off relation with the conversion ratio and the cycle length, we have to reduce the conversion ratio and/or the cycle length to achieve the higher burn-up.
As a result, we have obtained a core design achieving the above higher burn-up targets. The major dimensions and characteristics of the core are summarized in Table 7 in comparison with the standard case. These values are for the equilibrium core in the multiple recycling under the innovative PUREX reprocessing proposed by JAERI.
Although the burn-up are increased, the conversion ratio is reduced by 0.01 and the cycle length by 9 months. 
Investigation on Control Rod Operation Plan
As shown in Fig. 2 , the present core design has unique double-flat-core type one and the MOX region is axially divided into two regions by the internal blanket. Also, the core power is controlled only by the control rod. Therefore, detailed analyses for the control rod operation plan have been performed to establish a favorable plan without problems such as a strong power peaking.
In the investigation, 61 rods are assigned to be operated during the full power operation cycle out of the total 283 control rods. The rest of 222 rods are assigned to be withdrawn during the start-up operation, in some groups. At the beginning of the cycle (BOC), above mentioned 61 control rods are inserted up to around the upper MOX region. They are gradually withdrawn through the cycle and are completely withdrawn at the end of the cycle (EOC).
The resultant core average axial power distribution is presented in Fig. 5 at BOC and EOC. The relative axial power peaking is around 1.6 at maximum and this value is not changed throughout the cycle. On the other hand, the radial peaking is around 1.2 at maximum. Therefore, it has been confirmed that the core power can be adequately controlled by the control rod operation.
V. Investigation on Thermal Hydraulics in Tight-lattice
Core From the thermal hydraulic point of view, such a tightlattice rod configuration as presented above may result in some difficulties. One of the major issues to be concerned for the tight-lattice core is the critical heat flux (CHF) under the relatively small gap width of about 1 mm. Although there are some unclassified experimental data on CHF for the tight-lattice core, they do not cover the range concerned in the present RMWR design. Therefore, the investigation on CHF in the tight-lattice core has been performed in JAERI, including experimental activities. The purposes of the investigation are (1) to clarify the effects of parameters on critical power, (2) to evaluate the existing design correlation, (3) to develop the high accuracy correlation, if necessary and (4) to verify the detailed numerical analysis code. Figure 6 shows a schematic of the 7-rod bundle CHF test section. It simulates the double-flat-core type axial power distribution in the RMWR core. The rod diameter and gap width between rods are 13mm and 1.3mm, respectively. The test section is installed into the high pressure water circulating loop simulating the flow conditions expected in the RMWR operation. Some of the CHF data are compared with the estimated values with the CHF correlation 6) used in the core design in Fig. 7 . In the figure, the ratios of the predicted CHF with the correlation to the measured are presented for the expected mass velocity range. The results indicate that the predicted values with the correlation are almost the same or smaller than the experimental data.
Therefore, the correlation is confirmed to be adequate to predict the CHF in the tight-lattice core. At present, a new correlation is under development, because the discrepancy is large in the low mass velocity region.
Furthermore, larger scale thermal hydraulic experiments using 37-rod test section are planned for confirmation of the scale effects. Using the present CHF data as well as the additional data obtained by the fundamental model experiments, thermal hydraulic design codes including the transient analysis and the subchannel analysis codes have been optimized for the tight-lattice core.
VI. Conclusions
An innovative water-cooled reactor concept named the RMWR is under development at JAERI. RMWR aims at achieving a high conversion ratio more than 1.0 and the negative void reactivity coefficient, based on the well-experienced water reactor technology. Up to the present, several types of core concepts satisfying both the design targets have been obtained, under both the BWR-type concept and the PWR-type one. It has, however, been recognized that BWR-type concepts have some advantages in design to achieve higher core performances than PWR-type concepts, because the water fraction can be reduced in the former by utilizing void in the water without increasing tightness of the core.
Therefore, the representative RMWR core design is selected based on the BWR-type concept and has been investigated in detail.
Fig. 6 Schematic of 7-rod bundle CHF test section
Although the multiple recycling of Pu under the MOX spent fuel reprocessing is the essential basis for the RMWR fuel cycle, the advanced reprocessing schemes currently proposed for the FBR fuel cycle are in general with the low DFs, and hence, allows some amount of FPs and MAs to remain in MOX fuel. Since they are expected to have negative effects on the core performances and the conversion ratio of the RMWR is just a little more than 1.0, some investigations on the core performances of the RMWR under multiple recycling situation with such the advanced reprocessing schemes with relatively low DFs have been performed.
Through this investigation, the unfavorable effect of MAs on the void reactivity coefficient has been found to be significant. However, it has been confirmed that the high conversion ratio more than 1.0 and the negative void reactivity coefficient are able to be achieved in the RMWR core by slightly adjusting the basic core design, even under the multiple recycling including the advanced fuel reprocessing schemes with the low DFs. In addition, it has been confirmed that the innovative PUREX process proposed by JAERI is favourable one for the RMWR fuel cycle.
Through other detailed investigation on the core design, a design with a high burn-up of 65GWd/t has been obtained 
